Cyanobacteria represent the most ancient groups of organisms that perform oxygenic photosynthesis. Earlier studies demonstrated that cyanobacteria respond to various abiotic stresses (heat shock, oxidative stress, salt stress, hyperosmotic stress, high-intensity illumination, UV irradiation) by induction of similar sets of genes. This makes it possible to assume that different stressors generate a universal intracellular signal of yet unknown nature that triggers adaptive cell responses. Here we systematically analyzed transcription of stress responsive genes of Synechocystis on the basis of DNA microarray data in order to generalize cell responses to stress factors. The transcriptomic data, criteria, and method of analysis are described in Table S1 (ESI †).
Heat shock and other abiotic stresses
In Synechocystis sp. strain PCC 6803 (Synechocystis), short-time heat shock (15-20 min) induced B80 genes with the induction with factor (IF) of 2 and higher ( Fig. 1 ). [1] [2] [3] Most strongly induced genes belong to a group of so-called heat-shock protein (HSP) genes, e.g., genes for chaperones hspA, groES, groEL1, groEL2, dnaJ, htpG, dnaK, clpB1, protease htrA, sigma factors of RNA polymerase sigB and sigD, sensory histidine kinase hik34, superoxide dismutase sodB and some others ( Fig. 2 and Table S2 , ESI †).
Besides heat shock, transcription of these genes is strongly induced by hyperosmotic and salt stress, 4, 5 high-light intensity, 6 ultraviolet (UV-B), 7 oxidative stress, 8, 9 and at low pH. 10, 11 About a half of stress-induced genes belongs to a category of genes with unknown function. Among those 80 heat-shock induced genes, only seven genes respond to heat specifically, i.e. they are not induced by other stressors (lower part of Table S2 , ESI †).
Strong light caused a rapid (15 min) induction of B100 genes with induction factor of 2 or more. 6 These are genes for subunits of NADPH + dehydrogenase subunits (ndh), genes encoding the components of the CO 2 concentrating mechanism (ccm) and RuBisCo. Probably, the expression of ndh and ccm genes is induced by certain signals that operate in similar manner under an increase of light intensity and a decrease in of CO 2 concentration in the culture medium. Strong light also induced similar set of HSP genes: hspA, clpB1, dnaK2, htpG, groES, groEL1, and groEL2. The high-light-inducible (hli) genes were activated only during the first 15-20 min after exposure to strong light, whereas transcription of groES, groEL, and groEL2, remained at a high level even after several hours. 6 The effect of UV-B on transcriptome of Synechocystis was estimated with custom-made DNA microarrays; 7 therefore, the results cannot be quantitatively compared to those obtained with commercial arrays. Qualitative analysis shows that 20 min UV-B irradiation induced 55 genes with IF of 2 and more (Table S2 , ESI †). UV-B enhanced transcription of two genes encoding the precursors of the main Photosystem II (PSII) protein, D1 (psbA2 and psbA3), genes for proteases (ctpA and ftsH) that are involved in the maturation and degradation of the D1 protein, and nblB gene, whose product is involved in the disassembly phycobilisomes. 12 The list of induced genes includes HSP genes (groES, groEL1, cpn60, hspA, clpB, htpG, dnaK2, dnaJ, htpG) and as well as regulatory hik34, sigB, and sigD.
Salt stress (0.5 M NaCl for 15 min) upregulated B120 genes with the IF Z 4. 5 Evidently, the list included all the representatives of HSP genes. A set of NaCl-specific genes limits to ABC-type transporters (cbiQ, norM, ycf85); synthesis of quinones (menB, menG, ubiH), biotin (birA), NAD (nadC), and riboflavin (ribF) metabolism, acetylation of proteins (rimI), protease hhoB, one translation initiation factor (infC), and several genes of unknown function.
Similarly, hyperosmotic stress (0.5 M sorbitol for 15 min) caused rapid and strong induction HSP genes (hspA, htpG, dnaK2, dnaJ, clpB1, and cpn60), as well as genes for a protease (htrA), the regulatory genes (sigB and sigD), and a gene for superoxide dismutase (sodB). 4,13 Short-term (15-20 min) salt and hyperosmotic stresses induce essentially the same set of genes, probably, because of a rapid decrease in the cytoplasmic volume due to water loss at the initial stages of both stresses. 4, 5, 13 However, there is a possibility of regulation that has emerged due to stress-induced ROS formation, or due to redox changes in the main pools of photosynthetic electron transport chain (ETC).
Genes specifically induced by sorbitol include those for phosphate (pstS), nitrate/nitrite (ntrABC) transporters, ribosomal proteins (rplI and rplY), periplasmic protease hhoA, genes involved in lipid metabolism (sll0208 and sll1377), and several genes of unknown function. 4, 13 Thus, in fact, so-called HSP genes are not strictly the genes for heat-shock-induced proteins. Since these genes respond nonspecifically to the stressors of different nature at transcriptional [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and protein 14, 15 level, they should be rather referred to as general Fig. 1 Venn diagrams illustrating the effects of various stresses on the induction of gene transcription in the cyanobacterium Synechocystis. Total number of genes upregulated in particular stress is shown in parentheses. The number of genes induced by the particular stress or by several stress types is shown without parentheses. Color definitions according to the type of treatment are as follows: oxidative stress -yellow (#FFFF00); redox regulationcyan (#00FFFF); heat stress -red (#FF0000); salt stress -green (#00A000); light intensity -orange (#FFA500); hyperosmotic stress -gray (#CCCCCC); cold stress -blue (#7F7FFF). Colors that represent genes induced by several stressors were generated with color mixer (http://meyerweb.com/eric/ tools/color-blend). stress-induced genes, and the corresponding proteins -general stress proteins (GSPs).
Cold shock and other abiotic stresses
A limited number of genes are induced by short-term (15-30 min) heat and cold stresses: sigD for an alternative sigma factor of RNA polymerase, sbtA for a bicarbonate transporter, nblB for a phycobilisome degradation protein, fdx for ferredoxin, ISY352e2 for a transposase, and two genes of unknown function (Tables S2 and  S3 , ESI †). The groESL1 operon that codes for two GSPs, 60 kDa chaperonin GroEL1 and 10 kDa co-chaperonin GroES is also induced by cold. 3 Such induction, however, is never detected under short-term cold shock. This allows a dissection of early stages of stress signal perception and transduction based on consideration that the lists of heat-and cold-stress induced genes do not overlap ( Fig. 1 ). About 100 genes were induced by short-term (20-30 min) cold stress in Synechocystis with IF Z 2. 1, 3, 16, 17 These genes may be grouped into major functional categories, such as signal perception and transduction; transcription and translation; cell wall and membrane maintenance; photosynthesis and respiration; various cellular functions (cofactor biosynthesis, nucleotide metabolism); unknown functions (Table S3 , ESI †).
Cold-induced regulatory genes are limited to two genes for the histidine kinases (hik3 and hik31), two genes for the DNAbinding transcriptional regulators (rre5 and sfsA), and a gene for the sigma factor of RNA polymerase (sigD). Hik3 is equipped with PAS/PAC and GAF sensory domains. 18 Hik31 (CopS) is a transmembrane multisensory histidine kinase that regulates autotrophic growth, responses to light, and resistance to bivalent cations, Cd 2+ , Cu 2+ , and Zn 2+ . [19] [20] [21] [22] [23] Hik31 controls genes that are involved in photosynthesis and genes for ribosomal proteins. Fluctuations in photosynthetic electron transport of different nature that oxidize plastocyanin promote the release of Cu 2+ , which binds to Hik31 and trigger the regulatory cascade. 22, 23 Rre5 belongs to a PatA subfamily of two component response regulators, which is involved in CO 2 uptake and associated pH homeostasis. SfsA-like protein is involved in regulation of sugar catabolism, but its exact function in cyanobacteria is unknown.
SigD (RpoD) belongs to a Group 2 RNA polymerase s factor, and it is the only s factor abundant in the dark. 24 Transcription of sigD is induced by heat, UV-B, and strong light, 25 by the inhibitor of photosynthetic electron transfer chain, DCMU 24 and by H 2 O 2 . 26 These data suggest that SigD may be involved in light-dependent redox regulation of transcription.
The cofactor of Rho transcriptional terminator, NusG operates in combination with histone-like nucleoid-structuring protein H-NS and Rho-dependent transcriptional terminators to diminish genome-wide antisense transcription under cold stress. 27 Low temperatures also activate genes for ribosomal machinery: 50S ribosomal proteins L20 and L11, 30S proteins S12, S21, and ribosome chaperone trigger factor (Tig). The latter supports early folding events and prevents misfolding and aggregation of proteins. The smpB gene encodes the protein that is required for rescue of ribosomes stalled on defective messages. 28 The crhR gene for a DEAD (Asp-Glu-Ala-Asp) box family RNA helicase is rapidly and transiently induced by cold stress. Noteworthy, under cold stress, wild-type cells maintain the PQ pool in reduced state, while the crhR-deficient cells -in oxidized state. 29 This implies the regulation via redox changes in PQ pool.
The cold acclimation of prokaryotes depends on the ability of cells to desaturate the fatty acids (FAs) in the membrane lipids and to adjust the membrane fluidity to changing ambient temperature. In cyanobacterial cells, the desaturation reactions occur in FAs that are bound to glycerolipids. Under cold stress, the de novo synthesis of FAs ceases for several hours. During this period, the existing FAs of lipids are desaturated to a certain level, after which cells begin to grow again. An increase in cold-induced FA desaturation is caused by induction of the expression of three known genes for the fatty acid desaturases, FADs (desA for D12-desaturase, desB for o3-desaturase, and desD for D6-desaturase), accompanied by an increase in their mRNA stability. 30 The stability of these three desaturase mRNAs (desA, desB, and desD) at low temperatures is ensured by RbpA3, a member of a family of RNA binding proteins. 31 Some cold-induced genes are strictly light-dependent, e.g. two of four hli (high light induced) genes, hliA and hliB, 32 ycf39 for a PSII assembly factor, 33 lilA for a light-harvesting protein, 34 or ndhD2 for a subunit of NADH dehydrogenase. The latter is controlled by PedR -a redox-sensitive transcription regulator. 35, 36 The gshB gene for glutathione synthase, which is involved in redox regulation and acclimation under changing light 36 is also induced by cold.
Another group of cold-induced genes includes a family that encodes proteins for nucleotide binding and modification. Their functions in thermal acclimation are barely known. About a half of cold-induced genes is not functionally characterized and their role in cold stress responses and cold acclimation is absolutely unknown. Among B100 cold-induced genes, only 38 genes are specifically induced by cold (marked by asterisks in Table S3 , ESI †). This list is limited to genes of rbpA-family that encode RNAbinding proteins (RbpA2 and RbpA3); smpB, rplT, and pfbB involved in translation; era and mbpA for GTP-binding protein and DNA methylase; cbiF for the first step of cobalamin biosynthesis; ams1 for a-mannosidase; and several genes of unknown function.
Other cold-induced genes respond to two or more abiotic stresses, including salt, hyperosmotic, oxidative, acidic stresses, strong light and UV, chemical agents that alter the redox status of the PQ pool (Table S3 , ESI †). The induction of the same genes by different stressors suggests the existence of some universal trigger(s) of stress responses. In the photosynthetic cells or organisms, the primary candidates for such universal triggers might be electric signaling via redox-responsive systems or chemical signaling with ROS or NO-derived reactive species.
Oxidative stress and redox regulation
Maintaining an optimal redox status within the cells is important for regulation of gene expression. Changes in redox status in the thylakoid membranes as a result of stress factors directly affect the functioning of the photosynthetic ETC. The crucial roles in the maintenance of the redox homeostasis play thiol molecules: glutathione, thioredoxin and glutaredoxin peroxiredoxins. 37 Table S2 (ESI †) shows that, for the most part, the GSP genes are also regulated via changes in the redox state of plastoquinone (PQ) pool of PSII. Such changes can be simulated by the addition of the inhibitors that interrupt with a flow of electrons before the PQ pool and oxidize it (DCMU), or after the PQ pool and reduce it (DBMIB). The addition of DBMIB strongly induces transcription of the GSP genes. 8, 9 Changes in the redox state PQ pool may be also caused by an increase in light intensity (see above) or by changing the pH of the environment.
The induction of GSP genes may be controlled by the reactive oxygen species (ROS) as well. Similarly to heat shock and other stressors, ROS induce genes that are necessary for stress neutralization. These include genes for peroxiredoxin aphC (sll1621), catalase katG (sll1987), and thioredoxin trx (sll0755). ROS induce transcriptional regulator perR (slr1738), 26 which is directly regulated by H 2 O 2 via oxidation of His-37 and His-91 residues, which leads to dissociation of PerRÁDNA complex. 40 The stress transcriptome analysis suggests that ROS (in particular, H 2 O 2 ) and redox changes of the components of the photosynthetic electron chain may function as universal triggers for stress responses in cyanobacteria.
Redox regulation system consists of components of photosynthetic electron transport chain and the regulatory proteins that may perceive the difference of electric potentials, for example, transcription factor PedR (Ssl0564) 35, 36 or sensor kinase Hik31. 19, 22 Stress-induced ROS should have sufficient life-time to perform their regulatory functions. 38 Electron transport inhibitors of photosynthetic electron transport (DCMU, DBMIB, or methylviologen) and the generator of ROS response (H 2 O 2 ) evidence in favour of the suggestion about their universal triggers roles in the initiation of stress responses. Systematic analysis of transcriptome shows that redox-and ROS-regulatory pathways play important role in stress-induced gene expression. A redox potential of cells may change due to the emergence of ROS. 41 In such case, about a quarter of genes induced by H 2 O 2 and by a derivative of benzoquinone, DBMIB, overlaps. Some part of genes falls under the control of the ROS, and another part -under redox control ( Fig. 1-3 ). In addition, there is a relatively minor set of stress-induced genes that does not depend on the ROS or redox regulatory systems. We have previously found that a part of the stress-dependent genes can be induced by changing the degree of supercoiling of the genomic DNA. 3 This type of regulation does not require any regulators with SH-groups that can undergo oxidation or reduction cycles. Further experimental studies are necessary to directly confirm or refute the hypothesis about the universal triggers of stress responses in photosynthetic cells.
Conclusions
Transcriptomic analysis shows that some universal chemical or electric stimuli may exist that trigger the expression of stressdependent genes regardless the physical nature of a stressor. The candidates for such triggers are reactive oxygen species and changes in redox status of plastoquinone pool. Application of the inhibitors (DBMIB, DCMU) or ROS (H 2 O 2 ) evidence that redox status of PQ pool and ROS may be involved in the initiation of stress responses as universal triggers.
